The self-disc har ge hea t losses of car diac pace maker power ce ll s and pacemakers were in ves ti gated by mic rocalo rime try. Results were ob ta in ed with s mall alkaline, me rcury and lithium-i odine batte ries under opencircuit and external load conditions to monitor their heat loss c haracteri st ics and to ga ther information on the self-discharge mech an is m. Results ob tai ned with "complete pacemake rs" ar e also repo rted.
Introduction
We have developed a microcalorimeter capable of measuring the small heat losses occurring in pacemaker batteries, small camera and watch batteries and the "complete pacemaker." The small heat loss or se lf-discha rge is a co ntributing fac tor in shortening the shelf life of the battery and finally th~us ea bl e life of the pacemaker. Under id eal co nditions, th e pacemaker microcalorimeter is capable of de tecting as little as O. I/iW. It has bee n used for obtaining information on the self-discharge mechanism and is being used by the battery and pacemaker industry to deve lop a non-destructive test for the co mplete pacemaker.
Self-discharge can be defin ed as the gradual loss of deliverable energy when a power cell is stored open-circuit. Hence, self-discharge can limit the time that a power cell will be able to provide power for a pacemaker. The self-discharge mechanism is not completely understood , also the self-discharge rate varies for different power cells and for different manufacturing co nditions. Therefore, it would be expected that measurement of the self-discharge heat of batteries manufactured under known co nditions could he lp to obtain a better understanding of its causes.
Microcalorimetry can measure open-circuit self-discharge hea t losses and th erefore can non-d es tru ctively di scover batter ies with inordinately large self-discharge heats; and, using such data, limits can be se t on the time a battery can be stored befo re usage without undue power loss. Measurements on th e complete pacemaker constitute a non-d estructive test which can help detect any pacemaker that draws · Ce nte r fo r Thermodynamics and Mo lecu lar Sc ience, Na tio nal Measuremen t Laboratory . too much power. This would be a useful test that can be performed after the herm etic sealin g of the un i t.
The measurement of these small hea t losses was und ertaken first in a feasib ility stud y with small camera a nd watch batteries which co uld fit easily into the ex is ting NBS Batch Mi cro calorimeter [I] . ' 
Design of Batch Microcalorimeter
Th e Batch Mi crocalorime ter , sketched in figure 1, is a heat-conduct ion microcalorimeter. An alu minum block or
NBS Microcalorimeter
FI GU RE I. Schematic oj NBS Conduction MicrocaLorim eter heat sink is centered inside an inner aluminum can which in turn is surrounded by a larger aluminum can. The two aluminum cans protect the heat sink from any sudden changes in room temperature. Polyurethane foam insulates the air space between the inner and outer cans. A heating wire and wires of a Wheatstone bridge were wrapped around the inner can to control its temperature to within ± 0.001 DC. All measurements are made inside the heat sink which contains a calorimeter compartment or sample box into which microcalorimeter vessels with sample material are placed. The heat flow detector surrounds the outer sample box. The detector consists of multiple-junction thermocouples with its inner face in good contact with the calorimeter and its outer face in good contact with the aluminum block_
The detectors are N-type and P-type solid state thermopiles (Metal Specialties Company) 2 with an output of 1 /-IV for every 4.90 /-IW of power generated within the sample box. An operational amplifier (Analog Device 261 K), kept at a constant temperature (±0.001 DC) within the calorimeter shield, amplifies the output by 1000. The output voltage is recorded by a millivolt potentiometer recorder or read by a digital voltmeter. The data are recorded on magnetic tape cassettes, and plotted during the experiment.
The noise level and stability of the microcalorimeter are within a few tenths of a microwatt. The calibration factor of 4.90 /-IW / /-IV was determined by using a four lead electrical heater in the sample box and is the value used to convert signal output in /-IV to power in /-IW.
The microcalorimetric sample box measured 3.8 by 2.8 by 0.8 cm. Because of its small size, the larger pacemaker power cells could not be used; therefore, small camera and watch power cells were used to test the feasibility of the microcalorimetric method.
Experimental Data on camera and watch batteries
The batteries used in the feasibility study are described in table 1. To improve the thermal contact between the power cell and sample box, an electrically non-conducting hydrocarbon oil (Cenco Hyvac Oil) was added to the sample box to just cover the power cell. We placed transparent adhesive tape over one battery terminal to prevent shorting to the box and used a string to lower the battery into the oil filled sample box_ Figure 2 shows a recording of the self-discharge of power cell X-5, a mercury watch battery. The initial portion of the plot is the calorimeter baseline without any power cell in the sample box. When the power cell was inserted, the output tion or endorsement by th e National Burea u of Standards. increased (the exothermic direction is downward on the plot.) Since the power cell was not initially very close in temperature to the calorimeter block, a large offset was first observed and the block temperature was somewhat changed. A more reliable effect was observed when the power cell was removed from the sample box. The thermopile output is shown to be 0.4 /-IV, the vertical height indicated in figure 2 . This corresponds to a self-discharge power of 1.96 /-IW for the battery (0.4 /-IV X 4.90 /-IW / /-IV = 1.96 /-IW). Table 2 lists the self-discharge results found for four power cells. The alkaline cells emit approximately 4 to 5/-1W of self-discharge and the mercury power cells emit 1.5 to 2 /-IW .
Since only a few measurements were made, these results are not conclusive and perhaps uncertain by ± 1 or 2 /-IW. No attempt was made to obtain typical or representative samples.
The result of additional tests with battery X-3 connected to a 110 kQ load in the calorimeter is shown in figure 3 . There were two insertions and removals of the unit from the calorimeter. The second removal in figure 3 was made after the unit had been in the calorimeter for several hours. The bottom portion of table 2 gives the experimental and calculated value of the battery output under a 110 kQ load. The calculated power that is dissipated in the 110 kQ external resistor is 15.4 /-IW [(1.30 vf / (1.1 X WS Q)], leaving 2.2 /-IW unaccounted for. This difference may be leakage or self-discharge_ However, no great significance can be attached to this difference since only one experimen t was performed with one rough measurement being made of the power cell voltage before and after the experiment. The 15.4 /-IW corresponds to the enthalpy of the cell reaction per unit time, when both the battery and resistor were in the calorimeter. This experiment illustrates that power can be measured in the calorimeter with a complete pacemaker and that the measured value for the load plus leakage or self-discharge is near the calculated value for power with the battery under external load.
The results of the measurements with several resistors of different values outside the calorimeter and the power cell inside the calorimeter are shown in figure 4_ By measuring the voltage and resistance across the external resistor with a connected and disconnected to battery X-2, as shown in figure 4 . Similar experiments were also run on the power cell X-4. Table 3 lists the results of ~he alkaline power cells X-2 and X-4 under external load conditions. Table 4 lists the results for the mercury battery with external load. 
5.:0 0 be due to the e ffect of self-discharge, lea kag e or high internal resistance of the powe r ce ll or oth er non-id eal effec ts. Such se lf-disch arge or non-id eal e ffec ts have not been consid ered in th ese cal culati ons. The data d e monstrated that useful mea sure me nts of selfdischarge of sm all powe r cells co uld be ma d e with a n NBS microcalorimeter [2] or other mi crocalorime te r of comp arable sensitivity. These preliminary results lead to the co nstruction of a larger microcalorime ter tha t could accom odate the larger pacemaker ba tteri es and pace maker.
Design and construction of pacemaker microcalorimeter
This calorim eter is also based on the h eat co nducti on prin ciple [2] . It employs a substitution and guarding principl e; that is, dummy vessels can be substi tu ted in the measuring compartm ent in place of vessels conta ining ac tive samples . The two additional aluminum blocks act to guard or protect the central measurin g co mpartm ent fr om sudden changes in room temp erature and serv e as sample pre-equilibration chamb ers. Three so lid aluminium blocks, (instead of one), horizontal positioning of th e calorim eter, and larger size a re features tha t make this calo rime ter different fr o m the NBS Batch Microcalorime ter of figure 1. The three block sections with total dimensions of 28. wire and wires of a Wheatstone bridge were wrapped around the inner can to control the can temperature to ± 0.001 DC. The temperature of the blocks, which are separated from the inner can by a 1.0 cm air-space has been found to be constant to about 1/-1 °C after an overnight equilibration period. Polyurethane foam fills the 5 cm space between the inner and outer shield.
A temperature controlled air bath encloses the entire micro calorimeter. For initial experiments on the lithiumiodine power cells, the air bath was maintained at 30 ± 0.02 DC. The block temperature was held at 32°C. For measurements on the cardiac pacemaker, the block temperature was controlled at 37 DC. The block temperature can be anywhere between 20 and 40°C. Under ideal conditions the sensitivity of the instrument is expected to be 0.1 /-IW, but it has not yet been attained on active samples.
The micro calorimeter always contains three vessels, one in each block. Initially, the vessel in the heat sensing chamber is empty and the vessels in the two guarding chambers co ntain power cells or pacemakers. A thin layer of mica lines each vessel to prevent any shor ting of power cells to the metal. About 35 ml of h yd rocarbo n oil is also added to improve thermal co ntact between the samp le and vessel. Before an experiment, the two vessels containing the test batteries are placed in the guarding chambers and an empty vessel is placed in the heat sensing chamber. About 4 hours are req uired to reach proper temperature equilibrium. A longer overnight equilibration was found to be better and more co nvenient. On ce equilibrium is attained, the vessels are pushed to new positions in the blocks. For example, the vessel co ntaining the active sample in the first guard cha mb er is pushed into the heat sensing chamber . In the process, the empty vessel is pushed into the second guard chamber ; the second vessel co ntaining an active sam· pie is then placed in the first guard chamb er. Differences in signal output a re a measu re of the pow er output from th e active samp le. This arrange ment has minimized shifts du e to temp era ture differences in the vessels and resulted in a highly stable baseline.
Commercial alkaline and mer cury-z inc batteri es were tested for th eir self-discharge ch aracteristics and th e results are liste d in table 5 . An example of a plot of 8 alkaline bat· teri es undergoi ng self-disch arg e is sh ow n in figure 7 . Th e 92 jJ.V co rresponds to 451 jJ.W or 56jJ.W self-discharge fo r each battery. Th e self-discharge of 16 me rcury batteri es is shown in figure 8 ; each batter y dissipates about 5.8 jJ.W. The results confirm that alkaline batteries have a larger self-discharge rate than mercury batteries as shown in table 2.
The results of measurements of open-circuit and load induced power losses in lithium-iodine cells, with three different histories, are listed in table 6. The batteries are of the same type but were stressed by the manufacturer by connecting a 100 kQ resistor for different time periods: 60 days, 10 months and 18.7 months. Figure 9 shows examples of the open-circuit and load induced power loss measurements obtained with lithium-iodine batteries. Figure 9A Figure 9B shows 15 I1V or 73.5 JiW of power that resulted when one lithium-iodine cell was placed under a 100 kQ load in the micro calorimeter. The experimental value of 73.511W is approximately equal to the value 75.5 I1W obtained by calculating the power dissipated in the load.
Lithium-iodine batteries from another manufacturer were also measured for their open-circuit self-discharge. One battery was placed in a microcalorimetric sample vessel and then two batteries to determine if twice the amount of self- A se nsor output voltage of ± I f.l.V is indi cat ed which co rrespond s to ± 5 fJ-W or ± 1 f.l.W for each batt ery.
B) Microcalorimetric output voltage versus time for 1 Lil l battery (under load of 100 kQ in the micro calorim eter.)
A se nso r outpul voltage of I SI1V is indicated whic h co rres pond s to 73.5 f.l.W of power. discharge co uld be detected by the microcalorime ter. The results in tab le 7 show that abo ut twice the power was indeed dissipated as self-discharge when two batteries were measured as compared to the power loss in one power cell. W e also measured th e hea t loss from two different pulsing pace makers; th e heat loss rates fo r each pace maker are listed in table 8. Pacemaker #1 co ntained two Li l l batteries and was losing an average of 45.7 p.W of power. Pace maker #2 contained one Lill battery and was losing an average of 28.4 p.W. 
Summary
We try to explain the quantities being measured per unit of time by using the following thermodynamic equation,
where !J.G, MI, and !J.S are the changes of the Gibbs energy, enthalpy, and entropy, respectively, and T is the absolute temperature. A negative sign denotes an exothermic reaction, -MI, or that heat is being given off by a battery to the calorimeter and -!J.G denotes the process tends to proceed spontaneously [3] . It is assumed that the reaction takes place at constant temperature and pressure. When an open-circuited power cell is placed alone in the calorimeter, then the self-discharge power is measured by the calorimeter. Side reactions, such as corrosion of the metal components, may account for some of this self-heating.
When the power cell has a resistor placed across it aIJ.d both the power cell and resistor are placed in the calorimeter, then the cell reaction corresponding to q = -MI is measured by the calorimeter. Self-discharge may also be occurring. When a power cell and resistor are connected with the resistor placed outside the calorimeter, then the heat corresponding to q = T!J.S is measured by the calorimeter. The useable energy, -!J.G, is determined electrically by measuring the current and voltage across the external resistor. In each of these cases the measured quantity is power rather than energy.
Tests of internal power Wi as a function of external power Wx yielded results which are characteristic of the ideal cell reaction; that is, Wi is a linear function of Wx (within the precision of the measurements). This was found for both the alkaline and mercury cells. [6] . The small value for T!J.S is corroborated by our experimental data (see table 6 and fig. 9 ).
The pacemaker micro calorimeter is capable of nondestructively measuring small heat losses on the order of microwatts from a power cell or pacemaker. This instrument has already found many applications in the battery manufacturing industry as a repair check on faulty batteries in which measurements are made before and after repair to determine if the repairs made were correct. It can be used for testing the heat output of new batteries and pacemakers in a quality control test, for development of new power sources, and for determining the shelf-life of batteries. Greatbatch, et al [7] , have reported detection of heat losses of 10-50 11 W in new pacemaker batteries which was traceable to the continuous curing of plastic materials in the battery. True internal shorts have produced 1000-2000 IlW of heat. They report also that the microcalorimeter should prove invaluable for early nondestructive identification of parasitic power losses in batteries and pacemakers.
The pacemaker microcalorimeter, with minor design modifications, is expected to have commercial and research applications beyond the study of self-discharge of power sources and pacemakers, such as, detection of bacterial contamination in dried food materials and the study of radiation effects on the metabolism of living cells as being undertaken by the Bureau of Radiological Health, Department of Health and Welfare .
